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Isolated InAs/ InP self-assembled quantum wires have been grown using in situ accumulated stress
measurements to adjust the optimal InAs thickness. Atomic force microscopy imaging shows highly
asymmetric nanostructures with average length exceeding more than ten times their width. High
resolution optical investigation of as-grown samples reveals strong photoluminescence from
individual quantum wires at 1.5 m. Additional sharp features are related to monolayer fluctuations
of the two-dimensional InAs layer present during the early stages of the quantum wire
self-assembling process. © 2006 American Institute of Physics. DOI: 10.1063/1.2403928
Due to their smaller lattice and energy gap mismatch,
InAs nanostructures grown on InP substrates are initially
much better suited to exploit the long wavelength telecom-
munication windows than their GaAs counterparts. However,
like the latter, to fulfill the requirements of solid-state-based
quantum information technologies, they have to be produced
with low areal densities and high emission efficiencies. In
this direction, emission from single self-assembled InAs/ InP
quantum dots QDs and dashes has been reported.1–5 Under
certain growth conditions and epitaxial methods, self-
assembled quantum wires QWRs can also be obtained by
depositing InAs on InP.6–10 Depending on the wire size and
composition, emission tuning capability in the 1.2–1.9 m
range has been demonstrated, and both continous wave and
time-resolved optical characterizations have been performed
on high density QWR arrays.11–14 In such situation, long
wavelength emission from single QWRs would be desirable.
However, for the time being, single quantum wire optical
spectroscopy has been restricted mainly to GaAs/AlGaAs
nanostructures emitting on the visible range. The best ex-
amples are cleaved edge overgrown T-shaped QWRs,15,16
V-grooved QWRs grown on nonplanar substrates,17,18 and
recently reported, vertical QWRs grown on inverted tetrahe-
dral pyramids etched away on GaAs substrates.19
By using in situ accumulated stress measurements, the
initial phases of the self-assembling process can be moni-
tored during solid source molecular beam epitaxy of InAs on
InP001.20 We have exploited this fact to choose the optimal
InAs deposited thickness and tailor the QWR areal density
from zero to full coverage of the sample surface. A detailed
study of the initial stages of QWR formation will be pro-
vided elsewhere. In the following, using a low areal density
sample, we show experimental evidences of single InAs/ InP
QWR emission at 1.55 m.
The sample studied in this work consists of 1.5 ML of
InAs 1 ML InAs=3.03 Å deposited on InP 001 at rg
=0.5 ML/s, substrate temperature TS=480 °C, and beam
equivalent pressure BEP As4=6.410−6 mbar. A
180-nm-thick buffer layer was deposited, and before the In
cell was opened again for InAs growth, the InP surface was
exposed to As flux for 3 s. After QWR formation, a
20-nm-thick cap layer was deposited at the same rg to allow
for optical investigation. In addition, an uncapped sample
was grown under the same conditions for atomic force mi-
croscopy AFM investigation.
A conventional low magnification setup and nonresonant
excitation at 514.5 nm have been used to study the ensemble
averaged photoluminescence PL spectrum at 15 K. The
collected light was detected synchronously by a Ge cooled
photodetector attached to a 0.22 m focal length monochro-
mator. The optical emission spectra at the single QWR level
have been investigated using a confocal microscope working
at 4.2 K Attocube CFM-I. Low level light detection has
been achieved using a nitrogen cooled InGaAs focal plane
array Jobin-Yvon IGA-3000 attached to a 0.5 m focal
length grating spectrograph. For this study, light excitation at
950 nm was delivered by a Ti-saphire tunable laser.
Figure 1 shows an AFM image of the uncovered sample
surface. Elongated nanostructures appear randomly distrib-
uted with an average areal density of 6 m−2. Statistics
performed in more than 50 of such nanostructures reveals
aElectronic mail: benito@imm.cnm.csic.es
FIG. 1. Color online 22 m2 AFM image of the uncovered sample
surface after deposition of 1.5 ML of InAs. Self-assembled quantum wires
and 1-ML-high InAs steps appear seldom distributed over the flat InAs
surface. Inset: Zoom over a region containing a long QWR first derivative
image mode.
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average widths and lengths of 21±3 nm and 185±50 nm,
respectively. We note that, although the average aspect ratio
is Ly /Lx8, QWRs with larger anisotropy 16 can be
easily found as shown in the inset of Fig. 1. The low QWR
areal density allows a direct analysis of the surface morphol-
ogy underneath them. We observe a flat surface with 1 ML-
high steps due to the unintentional miscut angle of the
InP001 wafer 0.06° off. In most cases, nucleation of the
self-assembled nanostructures occurs preferentially in the
step edges. However, a number of QWRs have been also
found in flat areas far from any terrace border. The most
remarkable observation is that, despite the orientation of the
neighbor terrace step, QWR growth occurs always along
the 11¯0 direction. To this respect, any dependence among
the QWR formation mechanism and the precise wafer miscut
angle can be ruled out in our case.
It should be noted that with 1.5 ML of InAs deposited,
plus an additional monolayer resulting from the As/P ex-
change process,21 the sparse QWR nucleation cannot exhaust
the initial InAs two-dimensional layer. In these conditions, a
thin wetting layer must remain over the sample surface like
usually observed for other self-assembled nanostructures.
These low density QWR samples show optical features that
can be related to an extended wetting layer of fluctuating
thickness consistent with the amount of InAs deposited and
the AFM characterization shown above. We must remark that
the corresponding emission bands QW1-2, see below
dominate the PL spectrum for low InAs coverage and low
QWR densities, but are effectively quenched when the QWR
density is higher. They are, hence, strongly related to the
incomplete self-assembling process occurring in this case.
The sample PL spectrum consists of five emission bands
independently of the excitation power, as shown in Fig. 2a.
A multimodal hypothesis can explain this behavior assuming
that each band corresponds to QWRs or quantum wells
QWs of a given constant height.11,13 Figure 2b contains
theoretical predictions and experimental data for both
InAs/ InP QWRs studied before by the authors,13 and
InAs/ InP strained QWs grown and characterized by Hopkin-
son et al.22 The solid lines represent the expected energy
dispersion as calculated by the respective authors. We start
associating the lowest energy band in the spectrum of Fig.
2a to especially thick QWRs. They are rare in the ensemble
distribution in view of the weak intensity of the correspond-
ing PL peak QWR1, 2% of the total integrated intensity.
Comparing with the QWR dispersion curve shown in Fig.
2b, we observe that its emission energy, marked with a
down arrow, agrees well with 11-ML-thick quantum wires.
Peaks labeled as QWR2 13% and QWR3 26% also agree
with data collected in high density samples for 10- and
9-ML-thick nanostructures, respectively. The series is sud-
denly cut off since the peak for 8 ML does not appear in our
spectrum. Instead, 60% of the total integrated intensity is
emitted in peaks labeled QW1 and QW2 in this sample. The
peak energies for bands QW1 and QW2 are in between those
measured for 5- and 10-Å-thick InAs/ InP QWs represented
in Fig. 2b.22 As expected, they are also narrower, with full
widths at half maximum FWHM around 15 and 12 meV,
respectively, than the inhomogeneously broadened QWR
emission bands FWHM22 meV. As explained above, we
tentatively assign these two peaks to radiative recombination
in monolayer fluctuations of a residual InAs wetting layer.
In Fig. 3, the high resolution PL spectrum obtained with
our confocal setup at 5 K is compared with the ensemble
averaged spectrum. The initial broad bands dashed lines are
resolved into different sharp resonances at each specific lo-
FIG. 2. a Photoluminescence spectrum obtained at 15 K using a standard
low magnification setup. b PL energy vs QW/QWR height dispersion
curves have been extracted from previous studies. The energy position of the
present emission bands are indicated by down arrows in the corresponding
curve.
FIG. 3. Color online a and bHigh resolution PL spectra measured at
5 K solid lines are compared with the inhomogeneously broadened emis-
sion bands dashed lines. On the low energy tail, the emission from single
QWRs can be studied individually as shown in b and c. d Evolution of
the single QWR PL spectrum obtained by increasing the excitation power
density.
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cation in the sample surface. This occurs both for the low
energy components, QWR1-3, and for the higher energy
bands, QW1 and QW2. For the latter, it reveals that local
fluctuations of the wetting layer thickness give rise to inter-
face islands of varying lateral extent. However, our more
relevant findings are in the low energy part of the spectrum.
Without additional sample processing, in this region, the size
inhomogeneity and the low areal density can be exploited to
study the emission of specially large single QWRs Fig. 3b,
rectangle.
Laser excitation below the InP band gap produces in-
tense and sharp emission lines near 1.55 m. For the spec-
trum shown in Fig. 3c, the resonance linewidth is
440 eV, which is around twice our spectral resolution.
Indeed, the main emission peak is strongly asymmetric to-
wards lower energies. Assuming a radiative limited linewidth
alone, which in any case should produce a Lorentzian line
shape, it would imply an unreasonably small value of
1.5 ps for the exciton radiative lifetime. Our result rather
suggests that the homogeneous linewidth in our QWRs is not
radiative limited as usually reported for QDs. Moreover, in-
creasing the laser intensity, the emission saturation behavior
depicted in Fig. 3d does not follow the typical exciton-
biexciton recombination dynamics commonly observed for
InAs/ InP QDs.1–5 The large aspect ratio of these QWRs sug-
gests that they could be on a different confinement regime.
Our present results indicate that this is the case concerning
their nonlinear emission properties. Two regimes can be
identified depending on the saturation behavior of the main
peak. Initially, the integrated intensity of the sharp resonance
increases almost linearly with an exponent m=0.98. At the
lowest powers, the minimum achieved linewidth is limited
by our spectral resolution. However, raising the excitation
density slightly, the resonance asymmetry becomes patent
even before the peak intensity has gotten completely satu-
rated. The spectrum in Fig. 3c is representative of this re-
gime. Further power increase comes along with the appear-
ance of a noticeable broad sideband shifted in energy from
the main peak. In this regime, the sideband integrated inten-
sity rises sublinearly with m=0.8 and shifts to lower ener-
gies, while the main peak gets quenched at its original en-
ergy position. Finally, at higher power not shown, or under
nonresonant excitation, each sharp feature disappears, em-
bedded by its associated broad sideband FWHM4 meV.
In semiconductor QWRs, the many-body correlations
present among excitons and free electron-hole pairs EHPs
lead to strongly modified optical absorption and gain spectra
when increasing the EHP density.23–25 The electron and hole
Coulomb interaction is screened by the photogenerated
plasma, causing the reduction of the exciton oscillator
strength. This reduction partially cancels the band gap renor-
malization effect, leaving the exciton energy unchanged
when increasing power. Our results shown in Fig. 3d evi-
dence a clear reduction of the exciton resonance intensity at
constant energy in favor of an increasingly broad emission
band appearing at nearby energies. These spectral features
must be explained assuming, for our nanostructures, a quasi-
one-dimensional confining potential consistent with their
elongated shape. They are comparable to similar optical fea-
tures reported for other semiconductor QWRs based in the
GaAs/AlGaAs heteroepitaxial system.16,18 Compared with
them, the QWRs presented here can be fabricated by a self-
assembled process in nominally flat InP001 substrates,
avoiding any prepatterning and/or regrowth steps and mak-
ing easier their implementation in current photonic and op-
toelectronic telecommunication devices.
To conclude, we have demonstrated that isolated InAs
self-assembled quantum wires can be grown in nominally
flat InP001 substrates using conventional epitaxial tech-
niques. Emission spectra from individual QWRs have been
reported in the wavelength region of interest for optical com-
munications. Preliminarly investigation of their optical prop-
erties reveals spectral signatures of the many-body carrier
interactions occurring in one-dimensional systems.
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